The influence of magnetic interactions in rare-earth-doped crystals under an external magnetic field has been studied in order to obtain an efficient three-level ⌳ system with the hyperfine levels of the rare earth. Nuclear Zeeman effect under the action of an external magnetic field removes the nuclear degeneracy. This interaction does not provide an efficient ⌳ system because nuclear-spin flipping such as
2 ͑M I is the nuclear-spin projection͒ cannot be induced by an optical transition. However, this selection rule only applies to pure nuclear Zeeman effect. Indeed, it is shown that the coupling of the electronic Zeeman and of the hyperfine interactions releases the nuclear-spin selection rules ⌬M I = 0. This can be described in terms of a pseudonuclear Zeeman effect induced by an effective magnetic field. The relative strengths of the two optical transitions involved in the three-level system can be controlled by the orientation of the external magnetic field. The particular case of the Tm 3+ ion in the Y 3 Al 5 O 12 host ͑YAG͒ is discussed. Tm 3+ hyperfine structure is determined using a complete Hamiltonian including free-ion, crystal-field, and magnetic interactions. A good threelevel ⌳ system is obtained in Tm:YAG with a transition strength ratio of 0.24 ͑ϳ1:4͒ between the two optical transitions. An analytical analysis based on a spin-Hamiltonian approach is proposed to explain the results of the complete crystal-field calculations. Finally, an experimental protocol that makes a crystal similar to the atomic samples used in previous quantum information investigations, with the additional benefits of absence of motion and long coherence time, is described. 
I. INTRODUCTION
Quantum physics has long been confined to the description of microscopic scale processes, or to the investigation of very specific macroscopic states of matter such as superfluids, superconductors, or Bose-Einstein condensates. However, there has been growing interest in the investigation of quantum processes in more common macroscopic systems. The optical collective excitation of atomic ensembles has led to the dramatic demonstration of macroscopic entanglement in free space. [1] [2] [3] [4] [5] Multilevel systems play a key role in these experiments, whether entanglement relies on off-resonant excitation induced Faraday rotation [1] [2] [3] or on spontaneous Raman scattering. 4, 5 Several groups have been pursuing the ambitious objective of storing optically carried quantum information into an atomic ensemble entangled state and then returning quantum data to the optical carrier. Entanglement destruction by spontaneous emission can be avoided in a three-level system where the two lower states are connected by allowed optical transitions to a common upper state. By adequate coherent combination of the two resonantly excited optical transitions, the atomic Raman coherence could be combined with the radiation in a single quantum state. This fully quantum "dark polariton" scheme 6 is connected to processes such as "dark resonance," 7 electromagnetically induced transparency ͑EIT͒, 8 "slow light," 9 and stimulated Raman adiabatic passage ͑STIRAP͒. 10 So far, ensemble entanglement has been demonstrated only in atomic vapors 3, 4 and beams 2 or in laser cooled atom clouds. 1, 5 However, rare-earth ion doped crystals ͑REIC͒ also appear as promising candidates in the quest for macroscopic quantum effects. They offer properties similar to atomic vapors with the advantage of no atomic diffusion. Hyperfine levels of rare-earth ions are commonly used to perform coherent spectroscopy experiments, such as hole burning and photon echo. 11 At low temperature ͑Ͻ4 K͒ the optical coherence lifetime may reach several milliseconds in these materials and a hyperfine coherence lifetime of 82 ms has been reported in Pr 3+ :Y 2 SiO 5 . 12 Given the absence of atomic motion, extremely long population lifetime can be observed. Notable experiments on systems in REIC include the demonstration of efficient EIT ͑Ref. 13͒ and phase conjugation, 14 and the observation of "slow light." 15 However, further investigation of hyperfine ⌳ systems in REIC is hampered by two main problems: ͑i͒ the ⌬M I =0 selection rule where M I is the nuclear-spin projection and ͑ii͒ the lack of adequate laser sources in the spectral range of the most attractive rare-earth ions.
Figure 1 represents a typical three-level ⌳ system. ⍀ 1 and ⍀ 2 are the Rabi frequencies which characterize the atomlaser interaction and are defined by
The possibility to control the relative strengths of the transitions, i.e., the Rabi frequencies, is very attractive for an efficient manipulation of this system. This can be performed by changing the field amplitude or by controlling the transition probabilities, i.e., the selection rule on the ͉1͘ → ͉3͘ and ͉2͘ → ͉3͘ transitions. In the case of rare-earth ions, the ͉1͘ → ͉3͘ and ͉2͘ → ͉3͘ transition strengths between hyperfine levels are usually very different due to the nuclear-spin selection rules. The aim of this paper is to show that by applying an external magnetic field which induces different M I mixing in the ground ͉͑1͘, ͉2͒͘ and excited ͉͑3͒͘ states, it is possible to relax the ⌬M I selection rule and then to control the relative strengths of the ͉1͘ → ͉3͘ and ͉2͘ → ͉3͘ optical transitions. Among all the rare-earth ions, non-Kramers ions with an even number of 4f electrons present the longest coherence lifetime. 16 With the additional condition of a hyperfine structure of a few tens of megahertz splitting in the electronic ground state, one is practically left only with Eu 3+ , Pr 3+ , and Tm 3+ as good rare-earth ion candidates. Eu 3+ and Pr 3+ present a hyperfine structure at zero magnetic field due to the magnetic quadrupole and the secondorder hyperfine interactions. In this case, state mixing may relax the selection rules to some extent in low symmetry compounds such as Pr 3+ :Y 2 SiO 5 but in general the two transitions of the system may exhibit very different strengths. In a recent paper, 17 we showed that an appropriate external magnetic field can induce different hyperfine state mixing in the lower and upper electronic levels of the transition and thus relax the nuclear-spin selection rule in Pr 3+ : LiYF 4 . Therefore two parameters of importance in the context of coherent driving and quantum information physics, namely, the Rabi frequency and the sample optical density, both depending on the transition strength, can be controlled by the mean of the external magnetic field. Unfortunately, only dye lasers are available at the corresponding excitation wavelengths ͑580 nm for Eu 3+ and 606 nm for Pr 3+ ͒. Because of the high-frequency noise generated by the dye jet, this is a challenging task to reach the subkilohertz linewidth and jitter that are needed to match the long coherence time offered by REIC. Actually few dye laser systems throughout the world offer such a high degree of stability. [18] [19] [20] In the absence of hyperfine structure at zero magnetic field, the lifting of nuclear-spin degeneracy under an applied magnetic field may offer an alternative way of building a system in REIC. 21 Among REIC devoid of hyperfine structure at zero field but offering more appropriate operation wavelength, Tm 3+ in Y 3 Al 5 O 12 ͑YAG͒ has been widely studied in the field of coherent transient-based signal-processing schemes. 22, 23 The atomic coherence associated with the 3 H 6 ͑0͒ → 3 H 4 ͑0͒ transition at 793 nm exhibits a lifetime of 70 s which grows to 150 s under moderate magnetic field. 24 What makes this compound attractive is that the 3 H 6 ͑0͒ → 3 H 4 ͑0͒ transition falls in the spectral range of semiconductor lasers. Such lasers can be stabilized easily to subkilohertz linewidth and jitter. 25 The single natural isotope of thulium ͑
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Tm͒ possesses a nuclear spin I =1/2. Application of an external magnetic field removes the nuclear-spin degeneracy and splits the electronic levels. A three-level ⌳ system with Tm 3+ ͑Fig. 2͒ would involve the two hyperfine levels of the ground state 3 H 6 ͑0͒ and one hyperfine level of the excited state 3 H 4 ͑0͒. At first sight, if M I is a good quantum number, such a scheme seems to be doomed to failure because electronic excitation cannot flip the nuclear spin. Therefore, the two optical transitions that start from the two ground state sublevels seem to be unable to share a common upper level. However, in this work, we show that the coupling effect of the Zeeman electronic and the hyperfine interactions mixes the nuclear-spin states, which results in allowed transitions between the different hyperfine levels, making the ⌳ system effective. Carefully oriented applied magnetic field can lead to comparable oscillator strength values from both ground-state sublevels to a common upper level. The ideal situation is illustrated in Fig. 2 where the external magnetic field induces no M I mixing in the ground state and a maximum M I mixing in the excited state. In this case, the selection rule is released and the transition strengths of the ͉1͘ = ͉ In order to relax the selection rules and to calculate the branching ratio between the two optical transitions, it is necessary to determine the hyperfine level wave functions for an arbitrary magnetic-field strength and direction. In this paper, we have performed wave-function calculations on Tm:YAG by taking into account all possible magnetic interactions. Two methods are used to describe the magnetic interactions: ͑i͒ a complete calculation starting from the crystal-field wave functions; such an approach has been successfully applied to Pr 3+ in CaF 2 ͑Refs. 26 and 27͒ and in CsCdBr 3 ͑Ref. 28͒ and ͑ii͒ a spin-Hamiltonian approach which will be used to interpret the results of the previous calculations.
The paper is arranged as follows. In Sec. II, we present the crystal-field Hamiltonian approach and the complete calculation of the magnetic interactions from the crystal-field wave functions. The results are discussed in the case of Tm:YAG by analyzing the influence of the magnetic interactions on the M I mixing. In Sec. III, we present and discuss the spin-Hamiltonian formalism which allows a physical and an analytical interpretation of the Tm:YAG calculations. In Sec. IV, an experimental protocol that makes a crystal similar to the atomic samples used in previous quantum information investigations, with the additional benefits of absence of motion and long coherence time, is described in the thulium doped YAG.
II. COMPLETE CALCULATIONS FROM CRYSTAL-FIELD WAVE FUNCTIONS

A. Theoretical description
Level and wave function calculations are performed using the complete Hamiltonian ͑CH͒ given by 
The number of nonzero crystal-field parameters B q k and S q k , real and imaginary parts, depends on the site symmetry of the lanthanide ion in the structure.
The electronic Zeeman interaction between the n electrons of the 4f n configuration and the external magnetic field B 0 is written as 30 
H EZ
where ␤ is the electronic Bohr magneton, l i and s i are the individual orbital and spin momenta of the electrons, L = ͚ i=1 n l i , and S = ͚ i=1 n s i . g s is the gyromagnetic ratio of the electron spin which is slightly larger than 2. The hyperfine Hamiltonian H HF which results from the interaction between the nuclear spin and the magnetic field at the nucleus produced by the 4f electron is 31
͑6͒
where
␤ n is the nuclear magneton, and g n is the nuclear g factor. r i is the radius of the electron orbital and I is the nuclear-spin operator.
The nuclear Zeeman interaction between the nuclear spin and the external magnetic field B 0 is written as,
The electric quadrupole interaction H Q for nuclei with spin I ജ 1 which results from the interaction between the nuclear quadrupole momentum and the electron momentum is given by 30
where −e e ͑r e ͒ and e n ͑r n ͒ are the electron and nuclear charge densities, respectively. r e and r n are taken relative to the center of the nucleus. All the previous Hamiltonians are calculated and diagonalized in the ͉␥LSJM J IM I ͘ basis set where ␥ stands for ͉f n WU͘. The WU quantum numbers are used to unambiguously describe each state of the electronic configuration. For a more detailed definition of these quantum numbers see Ref. 30 or 31. The matrix elements of the magnetic interactions in the ͉␥LSJM J IM I ͘ basis set that we use in the present work are given in the Appendix. Indeed, it seemed to us difficult to find in the literature suitable expressions for those matrix elements as notations, and equations can vary from author to author.
B. Results and discussion
In the case of Tm:YAG crystal, the complete calculation is performed in two steps. First, the energy levels, deter-mined by Tiseanu et al. 32 from absorption and emission measurements, are used to calculate the parameters of the freeion and crystal-field Hamiltonian.
For the free-ion Hamiltonian, eight parameters were varied, i.e., E 4 6 , and B 6 6 . The simulation of the energy-level scheme is performed on 71 experimental levels among the 91 possible levels of the 4f 12 configuration. We did not take into account the free-ion parameters of Tiseanu et al. because in their work the barycenters of each multiplet 2S+1 L J are adjustable parameters which means that they were not fitted to the experimental levels. With a starting set of phenomenological free-ion and crystal-field parameters taken from the work of Gruber et al., 33 the rms standard deviation , taken as the figure of merit for the simulation, decreases to a rather good final value of 20.8 cm −1 . Table I gathers the free-ion and crystal-field parameters for Tm 3+ ions in YAG single crystals and experimental and calculated energy levels of the two 3 H 6 and 3 H 4 multiplets. The rms standard deviation is given for the 71 experimental levels. In the simulation, the ␥ parameter is fixed to zero as it does not seem to influence the calculated energy levels. The crystalfield Hamiltonian ͑H CF ͒ leaves each electronic level as a nondegenerate singlet due to the low point site symmetry of Tm 3+ ions in the YAG host. The second step of the calculation starts with the previous free-ion and crystal-field parameters by including in the complete secular determinant the electronic Zeeman, the hyperfine, and the nuclear Zeeman interactions. Without any external magnetic field, each electronic singlet is composed of two degenerate hyperfine levels due to the two M I = ± 1 2 nuclear-spin projections associated to the nuclear spin of the Tm 3+ ion. The complete diagonalization is performed on a 182ϫ 182 matrix. The magnetic interactions are computed using a 4f radial extensions of ͗r −3 ͘ 4f = 13.6 a.u. 30 ͑see the Appendix for the matrix elements͒. Figure 3 gathers the calculated splittings ͑in megahertz͒ between the hyperfine levels of the 3 H 6 ͑0͒ and the 3 H 4 ͑0͒ states as a function of the external magnetic-field direction and for ͉B 0 ͉ = 1 T. It is important to note that in the following discussion, the orientation YAG as a function of the external magneticfield direction and for ͉B 0 ͉ =1 T. ͑͒ =0, ͑•͒ = 10°, ͑᭡͒ = 20°, ͑᭢͒ = 30°, ͑ᮀ͒ = 40°, ͑᭺͒ = 50°, ͑᭝͒ = 60°, ͑᭞͒ = 70°, ͑Ϫ͒ = 80°, and ͉͑͒ = 90°. ͑x , y , z͒ refers to the local crystalfield axes.
of the applied magnetic field is expressed in the local ͑x , y , z͒ crystal-field axes. The splitting is strongly dependent on the orientation of the external magnetic field. For the same orientation of B 0 , the two crystal-field levels are characterized by different hyperfine splittings ͓Figs. 3͑a͒ and 3͑b͔͒. They are stronger for the ground state 3 H 6 ͑0͒ than for the excited state 3 H 4 ͑0͒. The nuclear Zeeman interaction lifts the nuclear degeneracy of each electronic crystal-field level into two hyperfine levels. From time inversion symmetry property, 34 the electronic Zeeman and the hyperfine interactions at first order have no effect on the energy levels as they do not split the M I degeneracy. It is the coupling of these interactions to second order which provides an additional hyperfine splitting. To compare the order of magnitude of each magnetic contribution, we have performed two kinds of calculations for three different orientations of the external magnetic field ͑along the x, y, and z axes͒: ͑i͒ calculation by considering only the nuclear Zeeman interaction and ͑ii͒ calculation by taking into account only the electronic Zeeman and the hyperfine interactions ͑Fig. 4͒. If we consider only the nuclear Zeeman interaction, the hyperfine splittings of both crystal-field levels ͓ 3 H 6 ͑0͒ and 3 H 4 ͑0͔͒ are identical as they are characterized by a single nuclear g n value. For each crystal-field level, the coupling of H EZ and H HF can be of the same order of magnitude or even higher than the nuclear Zeeman interaction. The ͕H EZ + H HF ͖ Hamiltonian is stronger for the 3 H 6 ͑0͒ level than for the 3 H 4 ͑0͒ level ͑Fig. 4͒. This explains that the hyperfine splitting is higher in the ground state than in the excited state. These different hyperfine splittings could allow one to obtain for a given magnetic-field orientation a different M I mixing in the 3 H 6 ͑0͒ and 3 H 4 ͑0͒ levels. It could be then possible to release the selection rules on the nuclearspin projections and therefore to obtain an efficient threelevel ⌳ system.
A way to represent the M I mixing is to associate to each crystal-field level an effective magnetic field B ef f whose intensity B ef f is proportional to the hyperfine splitting and whose orientation ͑ ef f and ef f in polar coordinates͒ is directly linked to the coefficients of the nuclear part of the wave function. The determination of such effective magnetic field is possible if we can separate the nuclear part of the wave function from its electronic part. For each orientation of B 0 , this behavior has been checked by analyzing the whole crystal-field wave functions which can then be written in the 2 ϫ 2 hyperfine subspace ͑ M I = ± 1 2 ͒ as 
where E is the hyperfine splitting. From Eqs. ͑11͒ and ͑12͒, we obtain
and then by writing 
= 90°and
ef f =0°͒ leads to a maximum M I mixing:
To reach the ideal case of Fig. 2 , we have then to find an orientation of B 0 for which the two effective magnetic fields B g ef f and B e ef f associated to the ground 3 H 6 ͑0͒ and the excited 3 H 4 ͑0͒ levels, respectively, are perpendicular. In the following, we note ␣ ef f , the angle between these two effective fields, and we define, by considering the nuclear part of the wave functions, the transition strength ratio R between the ͉2͘ → ͉3͘ and ͉1͘ → ͉3͘ transitions as
The ideal situation of Fig. 2 is obtained when R =1. Figure 5 gathers the angle ␣ ef f between the two effective magnetic fields and the transition strength ratio R between the hyperfine levels of the 3 H 6 ͑0͒ and 3 H 4 ͑0͒ states as a function of the orientation of the external magnetic field B 0 in the local crystal-field axes. In Tm:YAG, the ideal case of Fig. 2 , corresponding to ␣ ef f = 90°and R = 1, cannot be reached whatever is the orientation of B 0 ͑Fig. 5͒. A maximum value of ␣ ef f = 52°is found for B 0 in the x-y plane with = 90°and =6°͓Fig. 5͑a͔͒. This maximum angle between the two effective magnetic fields corresponds to R = 0.24 ͓Fig. 5͑b͔͒. This gives a transition strength ratio around 1:4 for the ͉2͘ → ͉3͘ and ͉1͘ → ͉3͘ transitions. The maximum value of R that we can reach in Tm:YAG is not the ideal case of Fig. 2 but still provides a good three-level ⌳ system. ␣ ef f and R are very sensitive to around = 6°as shown in Fig.  6 and have a smoother dependence on around = 90°͑Fig. 7͒. This behavior implies that in a real experiment, we have to accurately control the external magnetic-field orientation.
III. SPIN-HAMILTONIAN APPROACH
A. Theoretical description
Another way to express the different magnetic interactions is to use a spin-Hamiltonian ͑SH͒ formalism which is based on the equivalent operator method. 34 The spinHamiltonian formalism is very useful to understand the previous results as it allows an analytical description of the complex crystal-field calculations. This method consists in the neglect of all the J-mixing effects ͑due to second-order effects of the crystal-field Hamiltonian͒ and in only the consideration of the diagonal term in J. In this way, the magnetic interactions can be analyzed by the following spin Hamiltonian in the case of a non-Kramers ion in low site symmetry: 35
͑16͒
The parameters in H SH are determined by first-and secondorder perturbation theory and are calculated by taking into account all the crystal-field levels of a particular J multiplet. This means that each multiplet J is characterized by a set of ␥ i , D, and E values. The spin-Hamiltonian parameters are given by 
where P is the quadrupole-coupling constant, an asymmetry parameter, and A is the hyperfine interaction constant. The second-order parameters are
The index 0 denotes the first crystal-field level ͓ 3 H 6 ͑0͒ or 3 H 4 ͑0͔͒ and n the other CF levels of a 2S+ L J multiplet. E n is the energy of the CF level n.
The different parameters of the spin Hamiltonian can be experimentally determined by optically detected NMR measurements. 36, 37 In the following we use this approach to explain the different results of the complete calculations. The spin-Hamiltonian parameters are determined by using the crystal-field wave functions.
B. Results and discussion
From the complete crystal-field calculation, we have seen that the coupling of the electronic Zeeman and of the hyperfine interactions bring an important contribution to the hyperfine splitting. This effect appears clearly in the spinHamiltonian formalism. Indeed, in Eq. ͑21͒, the ␥ i factor is a sum of two terms: the first one g n ␤ n which is due to the FIG. 6 . ͑a͒ Angle ␣ ef f in degree between the two effective magnetic fields and ͑b͒ transition strengths ratio R associated to the hyperfine levels of the 3 H 6 ͑0͒ and 3 H 4 ͑0͒ states as a function of the angle ͉͑B 0 ͉ =1 T͒ for = 90°. The angles are given in the local crystal-field axes.
FIG. 7. ͑a͒ Angle ␣
ef f in degree between the two effective magnetic fields and ͑b͒ transition strength ratio R associated to the hyperfine levels of the 3 H 6 ͑0͒ and 3 H 4 ͑0͒ states as a function of the angle ͉͑B 0 ͉ =1 T͒ for = 6°. The angles are given in the local crystal-field axes.
nuclear Zeeman interaction and the second one g␤⌳ ii which is the product of the electronic Zeeman interaction g␤ and the hyperfine interaction ⌳ ii . The second term is often called pseudonuclear Zeeman interaction. 34 As the hyperfine term ⌳ ii is strongly dependent on the crystal-field splitting of the J multiplet ͓Eq. ͑22͔͒, it is not surprising to obtain different hyperfine splittings for the ground state ͓ 3 H 6 ͑0͔͒ and the excited state ͓ 3 H 4 ͑0͔͒. We will restrict the following discussion, which is general for ions with nuclear spin I =1/2, in the particular x-y local plane. Indeed, it is possible for this orientation to obtain an analytical expression for the transition strength ratio R, and also it is in the x-y plane that the complete calculation ͑Sec. II͒ gives the best three-level ⌳ system in Tm:YAG with a transition strength ratio R of 0.24. The spin-Hamiltonian for Tm 3+ ions is
which gives the following matrix elements in the ͕ ͉M I =− 1 2 ͘ , ͉M I = + 1 2 ͖͘ basis set:
with B 0 given in the local crystal-field axes. From the crystal-field calculations, the spin-Hamiltonian parameters have been calculated and are gathered in Table II 
The system is not an efficient three-level ⌳ system as the optical ͉2͘ → ͉3͘ transition is forbidden ͑R =0͒.
When ␥ x B 0x − i␥ y B 0y 0 ͑B 0 in the x-y plane͒ the eigenvalues and eigenvectors of H SH are, respectively:
͑27͒
The above wave functions are not normalized as it does not influence the following discussion.
In the x-y plane, Eq. ͑27͒ gives
͑30͒
In this plane, the transition strength ratio R xy is
where g ͑e͒ means ground 3 . ͑33͒
is plotted in Fig. 8͑b͒ as a To conclude, the spin-Hamiltonian approach allows us to explain the results of the complete calculation performed in Sec. II. Moreover it allows us to find a condition to obtain an ideal three-level ⌳ system with Tm 3+ ions for hosts in which the Tm 3+ ions are characterized by a negative ͑␥ y e / ␥ x e ͒͑␥ y g / ␥ x g ͒ ratio.
IV. EXPERIMENTAL PROTOCOL
In this section we describe an experimental protocol that makes a crystal similar to the atomic samples used in previous quantum information investigations, with the additional benefits of absence of motion and long coherence time. This will complete our demonstration that such experiments are feasible in thulium doped YAG.
We have to prepare the crystal in such a way that absorption at a given frequency be ascribed to a single class of ions, exhibiting the same three-level ⌳ system, with the same level spacing and the same transition strength on each one of the two lines. Initially various classes of ions are absorbing at a given frequency. This results from the frequency shift caused by the crystalline field and from the existence of nonequivalent sites.
There are six types of dodecahedral sites in YAG, each having the same crystallographic symmetry when referred to the ͑x, y, z͒ local axes, which are, however, orientationally nonequivalent sites. Their relative orientation with respect to the ͑X, Y, Z͒ crystallographic axes is illustrated in Fig. 9 , following Ref. 38 . We take the notation of Ref. 38 to number the different sites: sites 1 and 2 are in the X-Y crystallographic plane, sites 3 and 4 are in the Y-Z plane, and sites 5 and 6 are in the X-Z plane. When an external magnetic field is applied, the six sites generally become nonequivalent, which means they are characterized by different hyperfine splittings and different values of the transition strength ratio R. We can take advantage of the different splitting values to select ions in a specific site, with optimized transition strength ratio.
From the previous local orientation of B 0 ͑ = 90°and =6°͒ which gives the best ⌳ system for Tm:YAG, we obtain the corresponding orientation ͑ XYZ , XYZ ͒ in the crystallographic axes for the six sites: Let us assume we optimize R in site 1. This corresponds to the orientation: XYZ = 90°and XYZ = 39°or 51°with respect to the crystallographic axes. To maximize the incident light interaction with site 1, we align the electromagnetic field polarization along the site transition dipole moment that is directed along XYZ = 90°and XYZ = 45°. The field propagates along the ͓110͔ direction. The field arrangement is summarized in Fig. 9 . The different hyperfine splittings, ␣ ef f , and R = tan 2 ͑␣ ef f /2͒ values are summarized in Table III for this specific magnetic-field orientation. Hyperfine splitting in site 1 appears to be much smaller than in the other sites, while the transition ratio is much larger in site 1. The dipole moment of the ͉1͘ → ͉3͘ transition can be written as cos͑␣ ef f /2͒ where is the electric transition dipole moment. In sites 2-6, this quantity is close to and equals 0.90 in site 1. The site 2 dipole moment is cross-polarized with the incident light and does not interact with it.
Let us define 0 as the mean 3 H 6 ͑0͒ → 3 H 4 ͑0͒ transition frequency and let ⌬ i ͑g͒ and ⌬ i ͑e͒ , respectively, represent the hyperfine splitting of the ground and excited electronic states in site i. Because of site degeneracy, ⌬ 3 ͑e,g͒ = ⌬ 4 ͑e,g͒ and ⌬ 5 ͑e,g͒ = ⌬ 6 ͑e,g͒ . An incident light beam at frequency L is resonant with the various 0 classes that satisfy one of the conditions:
as illustrated in Fig. 10 . Given the partial site degeneracy, 12 different values of 0 satisfy this resonance condition. Ion selection procedures were used successfully in the past. 14, 16, 39 We propose to follow similar lines of operation to select a single group of ions. One first bleaches the sample at frequency L , the ground-state sublevel being emptied by optical pumping to the other sublevel. The stepwise pumping process proceeds through excitation to the upper state of the optical transition, followed by nonradiative decay to the long lifetime 3 In order to keep all the selected ions, one must bleach the sample over a spectral interval larger than the inhomogeneous width of the Zeeman transition. This broadening is expected not to exceed a few tens of kilohertz.
Optical density often appears to be a key parameter in quantum information storage experiments. To evaluate this quantity we assume that the magnetic field does not affect the electric dipole line strength X. Then the optical density can be expressed as:
where the sums run over the six sites and the four diagrams of Fig. 10 , and X i ͑k͒ is defined as
where i stands for the angle between the excitation field and the transition dipole moment in site i. This angle takes on the following values: 1 = 0°, 2 = 90°, 3. . .6 = 60°and ␣ i ef f values are summarized in Table III . Finally, the relative optical density of the selected ion group amounts to
Selection of a single class of ions reduces the optical density to 0.20 times its initial value. In the concentration conditions of Ref. 22 ͑0.5 at. % Tm 3+ : YAG͒, the linear absorption coefficient is ϳ10 cm −1 , which leads to a single-site contribution of ϳ2.5 cm −1 . In the quantum storage experiment presented in Ref. 5 , performed in a caesium atom magneto-optic trap, the absorption is ϳ4-5 cm −1 , which could be obtained with a 2 cm thick sample of Tm 3+ : YAG.
V. CONCLUSION
The magnetic interactions in rare-earth-doped crystals have been studied under an external magnetic field in order to obtain an efficient three-level ⌳ system. Tm 3+ ions appear to be a good candidate for such purpose. The particular case of Tm:YAG has been discussed. A complete crystal-field calculation has been performed as well as an analytical analysis of the results based on a spin-Hamiltonian approach. For time inversion symmetry reason, the Tm:YAG energy levels do not exhibit hyperfine splitting under hyperfine interaction alone. Nuclear Zeeman effect under the action of an external magnetic field removes the nuclear degeneracy. This still does not provide us with a ⌳-type three-level system because nuclear-spin flipping such as
cannot be induced by an optical transition. However, this selection rule only applies to pure nuclear Zeeman effect.
The dominant effect for the splitting of the hyperfine levels comes from the coupling of the electronic Zeeman and hyperfine interactions. This can be described in terms of a pseudonuclear Zeeman interaction induced by an effective magnetic field. Optical transition with nuclear-spin flipping can take place as soon as the effective magnetic-field orientation is different in the ground and excited states. The relative orientation of the effective fields depends on the applied field orientation. We have found that for Tm 3+ ions which have a nuclear spin of 1 / 2, a transition strength ratio R =1 can be obtained in the x-y plane when the spin-Hamiltonian parameters give a negative ͑␥ y e / ␥ x e ͒͑␥ y g / ␥ x g ͒ ratio. In the case of Tm:YAG, the best three-level ⌳ system is obtained with an applied magnetic-field orientation of = 90°and = 6°in the local crystal-field axes which gives 52°of relative orientation between the effective fields associated to the ground and excited states and a transition strength ratio R = 0.24. These results have been understood in the spin-Hamiltonian formalism.
Finally, we describe an experimental protocol which allows us to prepare the crystal in such a way that absorption at a given frequency be ascribed to a single class of ions, exhibiting the same three-level ⌳ system, with the same level spacing and the same transition strength on each one of the two lines. The relative optical density of the selected ion group amounts to 0.20 times its initial value, and an absorption of 4 -5 cm −1 could be obtained with a 2 cm thick sample of 0.5 at. % Tm 3+ : YAG.
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APPENDIX: MATRIX ELEMENTS OF MAGNETIC INTERACTIONS
Electronic Zeeman interaction
The electronic Zeeman interaction in tensorial notation reads where ͑L + g s S͒ −1,0,1
͑1͒
are the different components of the tensor operator ͑L + g s S͒ ͑1͒ of rank 1. The applied magnetic field is given in the local crystal-field axis set ͑x, y, z͒. The matrix elements of the electronic Zeeman interaction in the LS coupling may be obtained by using the Wigner-Eckart theorem to yield 
Hyperfine interaction
In tensorial notation, the hyperfine interaction is written as
with a l = g s ␤␤ n g I ͗r e −3 ͘ , ͗r e −3 ͘ is the inverse-cube radius of the electron orbital. The matrix elements of the hyperfine interaction are 
ͪ.
The ͗␥SLʈW ͑12͒ ʈ␥ЈSЈLЈ͘ matrix elements are given in the Nielson and Koster table. 40 
Nuclear Zeeman interaction
The nuclear Zeeman interaction in tensorial notation is 
Electric quadrupole interaction
In the case of Tm 3+ ions, this interaction does not exist but as we want to apply this work to all the possible nonKramers ions, we also give the matrix elements of this interaction in the ͉␥LSJM J IM I ͘ basis set. To express the electric quadrupole interaction in the tensorial notation, we have first to expand the 1 / ͉r e − r n ͉ denominator in terms of spherical harmonics Y kq by By symmetry considerations, the terms corresponding to odd values of k are zero, the terms with k = 2 correspond to the electric quadrupole interaction. 30 If we neglect the terms with k Ͼ 2, H Q can then be written as
͵͵ e ͑r e ͒ n ͑r n ͒ ͚ i ͑r ei −3 C ei ͑2͒ ͒͑r n 2 C n ͑2͒ ͒d e d n ,
͑A3͒
which gives the following matrix elements:
